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Abstract: The management of forest ecosystems to increase carbon storage is a global 
concern. Fire frequency has the potential to shift considerably in the future. These shifts 
may alter demographic processes and growth of tree species, and consequently carbon 
storage in forests. Examination of the sensitivity of forest carbon to the potential upper and 
lower extremes of fire frequency will provide crucial insight into the magnitude of possible 
change in carbon stocks associated with shifts in fire frequency. This study examines how 
tree biomass and demography of a eucalypt forest regenerating after harvest is affected by 
two experimentally manipulated extremes in fire frequency (i.e., ~3 year fire intervals vs. 
unburnt) sustained over a 23 year period. The rate of post-harvest biomass recovery of 
overstorey tree species, which constituted ~90% of total living tree biomass, was lower 
within frequently burnt plots than unburnt plots, resulting in approximately 20% lower 
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biomass in frequently burnt plots by the end of the study. Significant differences in carbon 
biomass between the two extremes in frequency were only evident after >15–20 years of 
sustained treatment. Reduced growth rates and survivorship of smaller trees on the 
frequently burnt plots compared to unburnt plots appeared to be driving these patterns. The 
biomass of understorey trees, which constituted ~10% of total living tree biomass, was not 
affected by frequent burning. These findings suggest that future shifts toward more 
frequent fire will potentially result in considerable reductions in carbon sequestration 
across temperate forest ecosystems in Australia. 
Keywords: carbon; tree demography; fuel reduction burning; fire frequency; eucalypt forest 
 
1. Introduction 
Carbon sequestration is an important strategy for the mitigation of climate change. Native forests 
store a considerable proportion of terrestrial carbon [1,2], hence managing these forests to increase 
carbon sequestration and storage will be of environmental importance [3]. The amount of carbon a 
forest can store will be strongly influenced by prevailing environmental conditions, such as 
temperature and precipitation, and disturbance regimes such as fire [4,5]. Fire regimes will be sensitive 
to a range of factors including climate, vegetation and human activities (e.g., fire management, 
anthropogenic ignitions) [6–8]. Characteristic patterns in climate, vegetation and human activities are 
temporally dynamic, consequently fire regimes experienced across broad landscapes and vegetation 
types have the potential to experience considerable shifts [9,10], even at relatively short time frames 
(e.g., decades to centuries; [11]). Very little is known about the response of carbon stocks to  
different fire regimes [4], representing a major impediment for forest management aimed at increasing  
carbon sequestration. 
There is considerable variability in the fire regimes experienced across eucalypt forest communities 
within Australia, reflecting differences in forest type, climatic zones, management practices, proximity 
to development and ignitions [12,13]. Future increases in wildfire size, occurrence and intensity are 
predicted within forested regions of eastern Australia as a result of global climate change and 
associated increases in the frequency of extreme fire weather events [6,14,15]. Concurrently, future 
increases in population and expansion of urban centres are likely to lead to increased ignition rates,  
as rates of unplanned ignitions are typically greatest near populated areas and human infrastructure [16]. 
Policies mandating an increase in fuel reduction burning have been developed in response to recent 
economically and socially destructive wildfires (e.g., 2003 and 2009 Victorian fires, [17,18]) and 
climate change may heighten the impetus to maintain such policies. Increased fuel reduction burning, 
in interaction with increasing incidence of wildfires is predicted to lead to a general increase in overall 
fire frequency [19,20]. Major increases in fire frequency can be expected in areas targeted for strategic 
use of fuel reduction burning, such as the wildland-urban interface (WUI; interface between vegetated 
areas and development). Gaining an understanding of the sensitivity of forest carbon across the 
spectrum of possible fire regimes within eucalypt forest communities will therefore be critical in 
identifying the likely impact changes to future fire regimes will have on carbon stocks. 
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Fire frequency is one element of the fire regime that is likely to be influential in shaping carbon 
stocks. The interval between fires can influence plant mortality rates, growth rates and the recruitment 
of seedlings between fires [21–23]. Such key demographic processes influence stand structure and 
biomass. The shortening of intervals between fires (i.e., increasing fire frequency) has been observed 
in some cases to lead to reductions in growth rate [23–25] and recruitment [22,26], increases in tree 
mortality [22,25–27] and reductions in tree basal area and carbon storage [22,25,27,28]. 
The Bulls Ground Frequent Burning Study is a long term experiment designed to examine the effect 
of frequent low intensity burning on the dynamics of an open wet sclerophyll forest community [29],  
a common forest type in which canopy species are predominantly resprouters (i.e., have a high 
capacity for vegetative recovery following wildfire), the dominant fire response syndrome of canopy 
species across temperate forests of eastern Australia [30,31]. Two burning treatments were imposed in 
this experiment, with experimental plots being either burnt notionally every three years or protected 
from fire (i.e., unburnt) [29]. These treatments approximate the upper and lower fire frequency extremes 
that may be expected within many temperate and sub-tropical eucalypt forest ecosystems [12,32].  
All trees within the experimental plots were remeasured six times over the study period at three to six 
year intervals. This experiment provided an ideal opportunity to examine the variability in carbon 
stocks, and some of the important underlying demographic processes (i.e., growth rate and survival) 
driving these patterns, across the range of possible fire frequencies occurring in this forest type. 
Specifically we predicted that: (i) tree biomass will be reduced on frequently burnt plots compared to 
unburnt plots, due to reduced growth rates and increased mortality on frequently burnt plots; and 
(ii) that the impacts of frequent burning will not be immediate, but rather will take several decades to 
become evident, owing to the dominance of resprouting as a fire response of tree species in 
these forests. 
2. Methods 
2.1. Study Area and Experimental Design 
The Bulls Ground Frequent Burning Study was established in Lorne State Forest, 12 km south-west 
of Wauchope, New South Wales, Australia (31°33′ S, 152°38′ E). The study region has a temperate 
climate with mean daily maximum summer temperatures of 27.6 °C, mean minimum winter daily 
temperatures of 6.5 °C and mean annual precipitation of 1420 mm [33]. Shallow, poorly structured 
soils derived from carboniferous sediments are characteristic of the study area [34]. The study took 
place within a tall (canopy up to 40 m) open forest vegetation community (Northern hinterland wet 
sclerophyll forest; [35]), with Eucalyptus pilularis, Corymbia gummifera and Syncarpia glomulifera 
comprising the dominant tree species [29]. A range of herbs and shrubs dominate the understorey 
layers including Entolasia stricta, Imperata cylindrica, Lomandra filiformis, Pseuderanthemum variabile, 
Pteridium esculentum, Breynia oblongifolia, Dianella caerulea and Lepidosperma laterale [29].  
The study area was selectively harvested in 1958–1959 with the retention of single seed trees or 
clumps of seed trees to promote regeneration. Post logging silvicultural treatment was also employed 
to remove unmerchantable stems (excluding seed trees). Consequently, the forest was relatively even 
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aged and in a state of regeneration. Hence biomass accumulation occurred over the course of the  
study period. 
The Bulls Ground Frequent Burning Study was established in 1969 in order to examine the effect of 
frequent low intensity fire on forest growth. Although implementation of the experimental treatments 
still continues, our focus was on the period between 1969 and 1992, during which time systematic 
surveys of tree plots were undertaken. Fourteen treatment blocks (~1 ha) were established in openings 
where trees had been felled during logging operations of 1958–1959. Treatment blocks were  
randomly assigned to frequently burnt and unburnt treatments, each with seven replicate blocks. A low  
intensity burn was applied to the burnt treatment in autumn at approximately three year intervals  
(1970, 1973/1974, 1977, 1980, 1983, 1986, 1989, 1992), with between 70%–100% of each plot being 
burnt each time [29]. Fires were generally of a low severity (<5 m maximum scorch height, [34]) 
consuming on average ~60% of fine fuel (<25 mm) in the surface and near surface layers [36]. Each 
block was burnt as a discrete unit. Cleared buffer areas were placed around blocks to protect them 
from wildfires. Tree survey plots (0.1 ha) were located at the centre of each of the larger treatment 
blocks, and were surveyed intermittently (1969, 1972, 1974, 1977, 1982, 1986, 1992), generally  
2–9 months prior to the experimental burns, with the exception of 1972. One site (3B) was burnt in 
1973 prior to tree measurements being taken. This site and its unburnt pair were omitted from the 
analysis so that all sites had experienced the same fire history, resulting in six replicate burnt and 
unburnt plots for the tree analysis. 
2.2. Biomass and Demographic Measurements 
The diameter and species of trees with a diameter at breast height over bark (DBH) greater than  
5 cm were recorded within survey plots during each survey period. Measurements were only made for 
overstorey tree species (Eucalyptus spp., Corymbia gummifera and Syncarpia glomulifera) in 1969  
and 1972. However, from 1974 onwards all overstorey and understorey species greater than 5 cm DBH 
were recorded, with Allocasuarina torulosa being the dominant understorey species. Consequently, 
data analysis was conducted independently for overstorey tree species and understorey species to 
accommodate the different survey period lengths. Carbon biomass of overstorey and understorey living 
trees was calculated using DBH data based on the allometric relationship for native sclerophyll forests 
provided in Keith [37]:  
Y = exp(−2.3267 + 2.4855 lnX)/1000 (1) 
where Y is aboveground biomass (tonnes, t) and X is DBH (cm). This generic equation was used as 
there were insufficient species specific equations suitable for our study area and species. While the use 
of a generic equation would have reduced the level of accuracy of our above ground biomass 
predictions, this inaccuracy was present across all plots and should not impede comparison between 
experimental treatments. The concentration of carbon in above ground living tree biomass was taken to 
be 50% of estimated above ground biomass [3]. Individual tree biomass was used to calculate carbon 
biomass (t ha
−1
) within each plot. 
Patterns in growth and survivorship of trees were assessed in order to explain and understand 
patterns in stand carbon biomass in response to fire treatments. Growth was calculated as the change in 
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tree basal area (cm
2
) per year between two measurement periods for each tree where consecutive DBH 
measurements were available. DBH was measured over bark in our study, which may lead to 
overestimates in the difference in growth rate between burnt and unburnt plots (see Discussion), as fire 
can reduce bark thickness via bark consumption [38]. Survivorship was calculated as the number of 
trees (DBH > 5cm) that were recorded during the previous survey period. Unrecorded trees were 
assumed to have died between the two survey periods. DBH was recorded as changing from greater 
than 5 cm to less than 5 cm between survey periods for a small number of trees (n = 66; <0.5% of the 
dataset). Such records appear to have been sporadically taken, so these trees were treated as having died. 
2.3. Statistical Analysis 
Analysis of the effect of burning treatment on tree biomass, number and DBH was undertaken in 
two ways. The first examined differences in burning treatment effects within each survey period, while 
the second focused on the effect of burning treatment and regeneration age across all survey periods. 
The effect of burning treatment within each survey period was assessed using one-way analysis of 
variance (ANOVA) for tree biomass and the number of trees. Biomass and the number of trees were 
assessed for normality using histograms and the Shapiro Wilk normality test and homogeneity of 
variances was assessed using the Bartlett Test. Logarithmic transformations (ln) were applied where 
these assumptions were violated, and transformed data was subsequently reassessed. Minor violations 
of the assumption of normality and homogeneity of variances were considered acceptable due to the 
balanced design on the study [39]. Linear mixed models (LMM) were used to analyse the effect of 
burning treatment within each survey period on the DBH of individual trees within plots, with plot 
being included as a random effect to account for the nested nature of tree measurements within plots. 
Logarithmic transformations were applied to DBH measurements to improve normality. 
Mixed models were used to examine how biomass, tree number and DBH were affected by 
regeneration age and burning treatment. Relationships between response data and regeneration age 
within both burnt and unburnt treatments were assessed visually using scatterplots to determine if they 
were linear or non-linear. Linear mixed models (LMM) were used to assess linear relationships and 
generalised additive mixed models (GAMM) were used for non-linear relationships. Logarithmic 
transformations (ln) were applied to response data with an apparent non-normal distribution. Plot 
number was included as a random effect in the mixed models to account for the repeated measures on 
each plot. Every combination of regeneration age and burning treatment was assessed up to first order 
interactions. Akaike’s information criterion (AIC) was used for model selection, with the best model 
being the one with the lowest AIC [40]. Models within two AIC points were considered to be plausible 
alternatives, with the most parsimonious model (i.e., the one with the fewest predictor variables) being 
selected preferentially [41]. Models greater than 10 AIC points from the best model were considered to 
have no support [41]. 
Growth rate between each pair of consecutive survey periods (termed first and second survey 
periods hereon) was analysed at the scale of the individual tree. Fire treatment and timing of the 
second survey (TS2) were the two main factors considered in the analysis. Tree DBH (ln transformed) 
at first survey (DBH1) was included as a covariate as initial tree size will determine the maximum 
growth rate. Generalised additive mixed models (GAMM) were used for analysis, due to the non-linear 
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relationship between growth rate and DBH1 and the repeated tree measurements, with plot number 
being included as a random effect. The AIC approach described above was used for model selection. 
Every combination of fire treatment, TS2, DBH1 and interactions between DBH1 and fire treatment 
and TS2 and fire treatment was assessed. 
The effect of fire treatment on the probability of survival was assessed using generalised linear 
models (GLM) with a binomial distribution. The response variable was formed using a summarised 
binomial response [42,43] with the response variable being the number of survivors divided by the 
number of trees in the population at the end of the previous survey period. The AIC approach 
described above was used for model selection. Every combination of fire treatment and TS2 including 
first order interactions was assessed. 
Analysis was conducted using the ―R‖ statistical package (R Development Core Team, 2010, [44]). 
The package ―nlme‖ was used for LMMs and the package ―mgcv‖ was used for GAMMs. 
3. Results 
3.1. Biomass, Tree Density and Size 
Overstorey tree species comprised approximately 90% of the estimated above ground living tree 
carbon pool, with understorey species making up the remaining 10%. Carbon biomass of overstorey 
tree species increased with time on both the frequently burnt and unburnt plots, though the rate of 
accumulation was lower on the frequently burnt plots (Figure 1a). One-way ANOVA comparing fire 
effects within measurement periods found that significant differences in carbon biomass only occurred 
in the final two measurements (1986 and 1992—i.e., after five and seven fires respectively)  
(Figure 1a). This indicates that extensive periods (~15–20 years) of frequent burning were required 
before significant changes in above ground carbon storage in overstorey species occurred. The 
preferred LMM assessing the effect of fire treatment and forest regeneration age contained a 
significant interaction between these two variables (p < 0.001), indicating that accumulation of living 
biomass in overstorey trees following logging occurred at a lower rate on frequently burnt plots than 
unburnt plots. No other models were within 10 AIC points of this model indicating no support. There 
was no significant effect of burning treatment on carbon biomass of understorey tree species within 
any of the survey periods (Figure 2a). The preferred LMM assessing the effect of fire treatment and 
regeneration age on understorey species biomass supported this finding, as it contained only 
regeneration age, which had a significant positive effect on biomass (p < 0.000). No other models were 
within two AIC points of this model, with only the additive model containing fire treatment and 
regeneration age being within 10 AIC points (∆AIC = 2.33). However, burning treatment did not have a 
significant effect (p = 0.808) on biomass in this additive model. 
The number of overstorey trees increased with regeneration age until approximately 1974  
(~15 years post logging), reaching a threshold at this point on unburnt plots and gradually declining 
thereafter on frequently burnt plots (Figure 1b). One-way ANOVA comparing burning treatment 
within survey period indicated that differences in the number of overstorey trees between burnt and 
unburnt treatments were only significant in 1992 (Figure 1b). The best GAMM for the number of 
overstorey trees contained an interaction between regeneration age and burning treatment, reflecting 
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the differential responses of overstorey tree density to regeneration age within frequently burnt and 
unburnt plots described above (Figure 1b). No other models were within 10 AIC points of this model 
indicating no support. Although one-way ANOVA found no significant effect of burning treatment on 
the number of understorey trees within survey periods (Figure 2b), the preferred LMM contained a 
significant interaction between regeneration age and burning treatment (p < 0.000), with no other 
models having any support (i.e., ∆AIC > 10). This model indicates that the number of understorey 
trees was decreasing with regeneration age on frequently burnt plots, but increasing slightly with age 
on unburnt plots. Variability in the number of overstorey and understorey trees across plots also 
decreased with time on the frequently burnt plots, as evidenced by the narrowing of the 95% 
confidence intervals, suggesting that frequent burning is leading to a more uniform stand density 
spatially (Figures 1b and 2b). 
Figure 1. Mean and 95% confidence interval for (a) estimated carbon biomass (tha
−1
),  
(b) number of trees and (c) tree diameter for overstorey species on frequently burnt and 
unburnt plots across all survey periods. Symbols above error bars show the results of one 
way analysis of variance (a,b) or linear mixed models (c) comparing the effects of burning 
within each treatment year (ns: p > 0.05; *: 0.05 > p > 0.01; **: 0.01 > p > 0.001). 
Untransformed data is presented. 
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Figure 2. Mean and 95% confidence interval for (a) estimated carbon biomass (tha
−1
),  
(b) number of trees and (c) tree diameter for understorey species on frequently burnt and 
unburnt plots across all survey periods. Symbols above error bars show the results of one 
way analysis of variance (a,b) or linear mixed models (c) comparing the effects of burning 
within each treatment year (ns: p > 0.05; *: 0.05 > p > 0.01; **: 0.01 > p > 0.001). 
Untransformed data is presented. 
 
The effect of fire treatment on tree diameter was similar for both overstorey and understorey species, 
with significantly greater DBH being recorded in frequently burnt plots compared to unburnt plots 
towards the end of the study (Figures 1c and 2c). The preferred LMM for both overstorey and 
understorey species contained a significant interaction between regeneration age and burning treatment 
(p < 0.000). No other models had any support (i.e., ∆AIC > 10). The models suggest that DBH 
increases with regeneration age at a greater rate on frequently burnt plots compared to unburnt plots. 
Examination of the frequency distribution of tree DBH revealed that increasingly fewer small 
overstorey trees (<15 cm DBH) were recorded in the frequently burnt plots compared to the unburnt 
plots as the study progressed, with the number of larger trees (>15 cm DBH) remaining similar across 
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both treatments (Figure 3). Similar patterns were observed for understorey species [45]. This indicates 
that frequent burning was removing the smaller trees, resulting in fewer individuals with a greater 
diameter on average compared to the unburnt plots. 
Figure 3. Histograms of diameter at breast height over bark (DBH) classes of overstorey 
species over time on frequently burnt and unburnt plots. 
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3.2. Growth Rate 
The best GAMM for the growth rate of both overstorey and understorey species contained an 
interaction between DBH at first survey (DBH1) and burning treatment and burning treatment and 
timing of the second survey (TS2). No other models had any support (i.e., ∆AIC > 10). Growth rate of 
overstorey species was lower on frequently burnt plots compared to unburnt plots, with differences 
becoming greater for larger trees (Figure 4a). Growth rates typically decreased over time on both 
frequently burnt and unburnt plots, though burning treatment effects were variable across survey 
periods (Figure 4b). In contrast to overstorey species, the growth rate of understorey species was 
greater on frequently burnt plots compared to unburnt plots, with differences becoming greater for 
larger trees (Figure 5a). Growth rates typically decreased over time on both frequently and unburnt 
burnt plots (Figure 5b). 





) in response to: (a) burning treatment and DBH at the 
first survey (DBH1); and (b) timing of the second survey (TS2) and burning treatment. 
Dotted lines in (a) show the 95% confidence interval. Error bars in (b) show 95% 
confidence intervals. Predictions held TS2 constant at 1992 in (a) and DBH1 constant at  
12 cm in (b). 
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) in response to: (a) burning treatment and DBH at the 
first survey (DBH1); and (b) timing of the second survey (TS2) and burning treatment. 
Dotted lines in (a) show the 95% confidence interval. Error bars in (b) show 95% 
confidence intervals. Predictions held TS2 constant at 1992 in (a) and DBH1 constant at  
8 cm in (b). 
 
3.3. Survival 
The best general linear models for both the proportion of overstorey trees and understorey trees 
surviving between survey periods contained an interaction between burning treatment and TS2. 
Survival of overstorey trees was generally lower on frequently burnt plots compared to unburnt plots 
(Figure 6a), the exception being the period between 1972 and 1974 (Period = 1974; Figure 6a) which 
was the only period when a fuel reduction burn did not occur. Survival of understorey trees  
was lower on frequently burnt plots than unburnt plots, with differences becoming greater over  
time (Figure 6b). 
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Figure 6. The proportion of trees surviving between survey periods. Overstorey species  
are shown in (a), and understorey species are shown in (b). Values on the x-axes show the 
timing of the second survey period (TS2). Error bars represent 95% confidence intervals. 
 
4. Discussion 
4.1. Impacts of Frequent Burning on Carbon and Stand Structure 
Our findings indicate that the upper (~3 year fire intervals) and lower (unburnt) limits of fire 
frequency resulted in a 20% difference in estimated above ground biomass of live overstorey tree 
species within a temperate eucalypt forest. As predicted, carbon biomass of live overstorey trees was 
lower in frequently burnt areas compared to unburnt areas. The range in carbon biomass observed 
between the burning treatments was sufficient to suggest that shifts in fire frequency have the potential 
to alter carbon stocks considerably within temperate eucalypt forests. These findings are in agreement 
with a number of studies within forest and woodland ecosystems that have also recorded considerable 
fluctuations in standing carbon stocks across extremes in fire frequency or inter-fire interval  
e.g., [25,28,46]. Although biomass of understorey tree species was not affected by burning, these 
species only represent a small portion of the living tree carbon pool (~10%). Therefore changes in the 
understorey may only have a limited effect on carbon trends in these forests. 
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Impacts of frequent burning were not immediate, with significant differences in living tree carbon 
stocks only being recorded after ~15 years (or five fires) of frequent burning. This is presumably 
because the mechanisms driving these changes (e.g., reduced growth rates, increased mortality) only 
lead to noticeable changes in tree biomass after extended periods and/or multiple fires (see below). 
Therefore the effects of frequent burning may take several decades to become evident. It also 
emphasises the value of long term experiments, such as this one, in distinguishing responses of  
long-lived species such as trees. Although these results suggest that short periods (i.e., <15 years) of 
frequent burning may occur without reducing live tree carbon storage in regenerating stands, it is 
possible that a ―lag effect‖ will exist whereby the trajectory of biomass recovery on burnt plots is 
lower than that of unburnt plots for some time after the cessation of burning. This is because processes 
facilitating stand and biomass recovery (e.g., tree recruitment, growth and maturation) after discrete 
fire events and stand modification in forest systems operate over time frames of decades to centuries [30]. 
Tree biomass and basal area have been found in a number of cases to be negatively related to fire 
frequency, or positively related to the length of the interval between fires, across a range of global 
ecosystems [22,25,27,28]. Reductions in above ground biomass observed in frequently burnt areas of 
our study (Figure 1a) appear to be largely driven by reduced growth rates (Figure 4) and survivorship 
of smaller (<15 cm) trees (Figure 3 and 6) compared to unburnt plots. This is consistent with previous 
studies which have reported increased rates of mortality in frequently burnt areas, with smaller trees 
often being at greater risk [22,25–27]. Small juvenile trees typically have thinner bark than mature 
individuals, and may be more susceptible to cambial damage resulting from fire [47]. This is likely to 
have led to the increased rates of mortality on the frequently burnt plots. 
Frequent burning has been observed to reduce tree growth rates in Australian savannahs [23,24] and 
tall open forests [25], though contrary results have been observed in some eucalypt forests e.g., [26]. 
Decreased nutrient availability due to the combustion of leaf litter and humic material as well as 
inhibited growth associated with fire damage to roots and stems are potential drivers of reduced growth 
rates in regularly burnt forests [25]. Tree top kill associated with crown scorching has been identified 
as another potential mechanism for reduced growth rates in frequently burnt savannah [23], though this 
was unlikely in our study as the experimental burns are intentionally of a low intensity and low 
severity (Average maximum scorch height < 5 m) [34]. Some uncertainty remains as to whether the 
reduced growth rates observed on frequently burnt plots in our study were merely attributable to the 
consumption of bark on trees. Previous research has shown that fire may significantly reduce bark 
thickness in some eucalypt species (i.e., Eucalyptus obliqua), but not others (i.e., Eucalyptus radiata,  
Eucalyptus rubida) [25]. Bark loss from low intensity fire has been observed at 8 mm and 4 mm for 
larger trees (>30 cm DBH) and regrowth (<30 cm DBH) respectively (E. obliqua and E. rubida data 
pooled) [38]. Data on the change in DBH between survey periods in our study shows that with the 
exception of the 1982–1986 period, the increase in DBH was greater on unburnt plots than frequently 
burnt plots, with differences ranging from 0.3 mm to 3.2 mm. These differences fall within the range 
of bark consumption that may be experienced during prescribed burns. However, measurements taken 
following experimental autumn prescribed burns similar to those conducted at Bulls Ground within  
20–30 year old Eucalyptus pilularis stands in the nearby Manning River National Forest indicate that 
average percentage bark scorch on the bottom 3 m of trees is generally less than 40% [48]. This suggests 
that fire probably had a small effect on bark during our experimental burns. Quantification of bark 
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losses due to fire were not possible in our study as DBH measurements were taken 3–6 years post fire 
(i.e., immediately before the planned burns). However, we do know that the time between 
measurements would allow for some re-accumulation of bark consumed by fire, which may be in the 
order of ~0.5 mm–1 mm of bark growth per annum for some eucalypt species (e.g., E. obliqua [38]). 
While we were unable to precisely quantify the impact bark consumption had on our carbon 
prediction, analysis suggests that the mortality of overstorey trees and resultant changes to population 
demography can explain most of the overstorey carbon losses recorded at the conclusion of our  
study [45]. 
The higher growth rate of understorey trees in the frequently burnt plots compared to the unburnt 
plots may in part reflect the thinning of the overstorey species in the frequently burnt stands. 
Furthermore, understory trees were dominated (>95%) by Allocasuarina torulosa, a nitrogen fixing 
species. The proportion of nitrogen in fallen leaves has been found to be greater in unburnt plots than 
the frequently burnt plots of the Bulls Ground experiment [49]. Topsoil soil nitrogen (0–10 cm deep) 
has also been found to be higher in fire exclusion treatments than quadrennial or biennial burning 
treatments (only the differences between unburnt and biennial treatment were significant though) in an 
experiment conducted within E. pilularis forest in southern Queensland, Australia [50]. It is possible 
that the nitrogen fixing ability of A. torulosa may have allowed this species to overcome nitrogen 
limitations and exploit the greater space available on the frequently burnt plots. 
4.2. Implications of Fire Management and Future Fire Regimes for Carbon 
Regenerating forests have been identified as having a high potential for carbon sequestration, 
though it may take centuries before regenerating forests approach their carbon carrying capacity (CCC) [3]. 
Our study suggests that very frequently burnt tall open forest stands, over a period of two decades, 
have on average approximately 25.8 tha
−1
 (~20%) less above-ground carbon stored in living trees than 
unburnt stands. Total CCC of above ground living vegetation has been estimated at ~360 tha
−1
 in tall 
open forests, similar to those examined in our study [3], though carbon biomass values derived from 
the harvest and weighing of a 0.5 ha mature forest plot dominated by E. pilularis near our study area 
are considerably lower (~210 tha
−1
; [51]). Therefore, our results suggest that frequent burning over a 
period of about two decades has reduced carbon biomass in the living tree component by somewhere 
in the order of 7%–12% of CCC in the regenerating stands.  
The frequency of both fuel reduction burning and wildfire may increase in temperate regions of 
southern Australia in the future as a result of human induced climate change [14,15,20,52] and 
management recommendations aimed at reducing the size and intensity of wildfires via fuel reduction 
burning [17,18]. Open forests in south-eastern Australia currently experience average inter-fire 
intervals that would correspond to the middle or upper end of the range explored in this study [4,32]. 
For example, in the Sydney region, which consists predominantly of open dry sclerophyll forest, the 
current, average inter-fire interval is about 20 years [20], whereas in cooler, high-altitude open forests 
the average inter-fire interval may be considerably longer e.g., [15]. Therefore, there is scope for the 
average interval between fires and carbon stocks to be reduced in the future. Our results therefore 
indicate that there is potential for modest site scale reductions in above ground living carbon (e.g.,  
in the order of 5%–10%) to result from future increases in low intensity fire across much of open forest 
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biome. Tall (>30 m canopy height) to medium (10–30 m canopy height) open forests cover  
~35 million ha of southern Australia [53], therefore, these relatively modest fire-induced reductions in 
carbon storage could have significant implications for carbon budgets at broader regional and  
biome-level scales. 
Fire intensity or severity also has a strong effect on plant mortality, growth and live carbon stocks, 
with more intense fires being associated with increased reductions in stored carbon compared to less 
intense fires occurring at the same frequency [27,28,46]. The bulk of above-ground carbon (~80%) is 
contained in the live biomass component [3], consequently above-ground storage of carbon is 
primarily a function of tree demography. Infrequent high severity fire is known to cause up to ~5% 
tree mortality in resprouting eucalypts, but such mortality may be halved in response to low-moderate 
intensity fires [54]. Weather is the dominant driver of fire severity, which may also be positively 
related to fuel age or time since last fire [52,55,56]. High severity fires also stimulate considerable tree 
recruitment from seed [54], which has the capacity to fill gaps created by mortality in the medium 
term. Thus at a site or stand level the outcome of any fire regime will involve complex trade-offs 
between effects of fire frequency and intensity on demographic processes that require quantification 
and comprehensive modelling to resolve. For example, use of prescribed fire for fuel reduction 
involves a trade-off between decreased fire intensity and increased fire frequency due to the nature of 
interactions between prescribed fire and wildfires [4,57]. Thus reduced tree mortality resulting from an 
average decrease in fire intensity may be offset to some degree by increased tree mortality due to 
increased average frequency of fire. Further insights into effects of global change and alterations to 
future management policies and practices on fire regimes and carbon storage will therefore be 
dependent on development of a detailed understanding of key demographic processes in tree species 
and application of appropriate models (e.g., [58]). 
Fire behaviour is not spatially homogeneous, with considerable variation in patchiness and intensity 
being observed within the perimeters of both prescribed burns and wildfires [52,55,56,59]. While 
prescribed fire may be applied at short rotations, the interval at which a point in the landscape burns 
may be much greater [59]. The burning plots examined in our study were quite small (1 ha), so internal 
patchiness would not have been as prevalent as in larger management burns. Furthermore, plots were 
located on ridges, which are more likely to burn than other topographic locations [59]. The relative 
reductions of live carbon in burnt compared to unburnt plots reported in our study (~20%) were greater 
than values derived from open and tall open temperate forests in Victoria, Australia (i.e., ~11% [25]) 
in which larger burning treatment areas (3–35 ha) were conducted. These differences probably in part 
reflect the more homogeneous nature of burns conducted in our study, though differences related to 
forest age and type and methods of carbon estimation may have also contributed. Consequently, our 
results may represent an upper extreme of the impacts of frequent burning on carbon and  
forest structure. 
5. Conclusions 
The trajectory of post-harvest recovery of the biomass of carbon stored in live trees was found to be 
reduced by frequent (~3 year intervals) experimental burning within the temperate eucalypt forests 
studied. These findings indicate that even in forests dominated by overstorey species with a strong 
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resprouting capacity, frequent burning may lead to considerable site scale reductions (up to 20%) in 
the carbon biomass of living trees. These findings will have important implications for the future 
management of carbon budgets within forests, as fire frequency is expected to increase as a result of 
both climate change and fire management practices. 
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